The Escherichia coli DnaA protein, as a sequence-specific DNA binding protein, promotes the initiation of chromosomal replication by binding to four asymmetric 9-mer sequences termed DnaA boxes in oriC. Characterization of N-terminal, C-terminal, and internal in-frame deletion mutants identified residues near the C terminus of DnaA protein required for DNA binding. Furthermore, genetic and biochemical characterization of 11 missense mutations mapping within the C-terminal 89 residues indicated that they were defective in DNA binding. Detailed biochemical characterization of one mutant protein bearing a threonine to methionine substitution at position 435 (T435M) revealed that it retained only nonspecific DNA binding activity, suggesting that threonine 435 imparts specificity in binding. Finally, T435M was inactive on its own for in vitro replication of an oriC plasmid but was able to augment limiting levels of wild type DnaA protein, consistent with the proposal that not all of the DnaA monomers in the initial complex are bound specifically to oriC and that direct interaction occurs among monomers.
The Escherichia coli DnaA protein, as a sequence-specific DNA binding protein, promotes the initiation of chromosomal replication by binding to four asymmetric 9-mer sequences termed DnaA boxes in oriC. Characterization of N-terminal, C-terminal, and internal in-frame deletion mutants identified residues near the C terminus of DnaA protein required for DNA binding. Furthermore, genetic and biochemical characterization of 11 missense mutations mapping within the C-terminal 89 residues indicated that they were defective in DNA binding. Detailed biochemical characterization of one mutant protein bearing a threonine to methionine substitution at position 435 (T435M) revealed that it retained only nonspecific DNA binding activity, suggesting that threonine 435 imparts specificity in binding. Finally, T435M was inactive on its own for in vitro replication of an oriC plasmid but was able to augment limiting levels of wild type DnaA protein, consistent with the proposal that not all of the DnaA monomers in the initial complex are bound specifically to oriC and that direct interaction occurs among monomers.
The Escherichia coli origin of chromosomal replication, oriC, is bound by about 20 -30 monomers of DnaA protein to form a large nucleoprotein structure (1) . Subsequent unwinding of the AT-rich region near the left boundary of oriC by DnaA protein allows entry of DnaB helicase, resulting in formation of the prepriming complex (2) .
Biochemical characterization of DnaA protein has revealed that it is multifunctional. It binds to adenine nucleotides (3), acidic phospholipids (4, 5) , DnaB protein (6) , and self-aggregates (7) . Finally, it is a sequence-specific DNA binding protein that recognizes an asymmetric 9-mer sequence (5Ј-TTAT(C/ A)CA(C/A)A-3Ј) termed the DnaA box (1) .
The DNA binding activity of DnaA protein is critical not only for its role in initiation of chromosomal replication but also for modulating the expression of genes containing DnaA box motifs in promoters or in coding regions. Its binding to these DnaA boxes results in repression (8 -14) , activation (15) , or transcriptional termination (Refs. 16 and 17 and reviewed in Ref. 18 ). DnaA protein autoregulates its own expression by binding to the single DnaA box located in the dnaA promoter region (8, 10, 12, 19 ).
Recently, we described the selection of a large collection of E. coli dnaA alleles. 1 Their analysis suggests four functionally distinct domains. 2 With an in vivo assay that measured the binding of DnaA protein to the dnaA promoter region of a dnaA promoterlacZ fusion, encoding amino acid substitutions within the Cterminal 89 residues or lacking C-terminal coding sequence were unable to repress expression. This suggests that these residues are within the DNA binding domain near the C terminus. A recent report (20) indicates that the C-terminal 94 residues of DnaA protein, when fused to ␤-galactosidase, were sufficient for specific binding to a DNA fragment containing oriC.
Here, we describe the biochemical characterization of mutant forms of DnaA protein bearing substitutions near the C terminus. By Southwestern analysis, an in-frame deletion lacking amino acids 237-378 retained DNA binding activity. Other mutant proteins with substitutions between residue 379 to the C terminus at residue 467 were inactive in DNA binding, suggesting that this region encompasses the DNA binding domain. In particular, one mutant substituting threonine 435 with methionine was defective in specific DNA binding activity, suggesting that threonine 435 imparts specificity in sequence recognition. A structure for the DNA binding domain of DnaA protein is proposed. Recombinant DNA Techniques-Plasmid DNAs used in this study are described in Table I . The deletion mutations dnaA⌬62, dnaA⌬129, and dnaA⌬219 that lack N-terminal coding sequences were constructed by PCR 3 -mediated mutagenesis with oligonucleotide primers listed below. These are complementary to the indicated strand with position 1 corresponding to the first nucleotide of the dnaA coding sequence (24, 25) and were synthesized by an in-house facility with an Applied Biosystems model 394: JK-36, AATATCAATCATATGCTAACCAGTTTC-TGC (178 -201 of the template strand); JK-37, CAGAACCGACCCA-TATGTCTAACGTAAACG (371-402 of the template strand); JK-38, CAAAACAACCATATGGAAGAGTTTAAACGC (643-672 of the template strand); JK-6, CGGAGCGTACCAGGATCCGTTCACCTTCCA (1683-1712 of the coding strand). The underlined nucleotides of JK-36, JK-37, and JK-38 are altered relative to the sequence of the dnaA gene to generate an NdeI site in the PCR product. The underlined nucleotides of JK-6 introduce a BamHI site. These modifications allowed insertion of the PCR product into the NdeI-BamHI linearized pET11a (Novagen, Inc.) vector fragment. Amplification was according to the manufacturer's recommendation with JK-6 paired with each of the other primers, Vent DNA polymerase (New England Biolabs), pKC596 (Table I) as the DNA template, and a Perkin-Elmer DNA thermal cycler. Ligation reactions were transformed into XL1-Blue, and plasmid DNAs were subjected to restriction analysis to identify recombinant plasmids with the correct structures. pKC596 (26) was constructed by inserting the dnaA gene into pET11a to allow induced expression by T7 RNA polymerase. The allele named dnaA⌬220 -294 was derived from pKC596 by an in-frame deletion of a 225-bp PvuI fragment that removes residues 220 -294 of DnaA protein (data not shown).
dnaA⌬237-378 and the dnaA missense alleles were subcloned from constructs of pACYC184 into pET11a to facilitate protein purification. The wild type 1,401-bp EcoRI-RsrII fragment (encoding residues 21-467 of DnaA protein) from pKC596 was replaced with the corresponding gel-purified fragment from derivatives of pACYC184 containing the respective dnaA alleles. In this procedure, the 5.9-kilobase pair pKC596 vector fragment was gel-purified after partial EcoRI restriction of the RsrII-linearized pKC596 plasmid. Alternatively, some of the dnaA alleles were amplified by PCR using the oligonucleotide primers JK-6 and JK-7 (see Ref. 26) , restricted with NdeI and RsrII, and ligated to the NdeI-RsrII pET11a vector fragment. DNA sequence analysis was performed to confirm subcloning of these alleles.
Overproduction and Purification of Mutant Proteins-Induced expression of dnaA alleles contained in pET11a by BLAL21(DE3)(pLysS) was performed by addition of isopropyl-␤-D-thiogalactopyranoside (U. S. Biochemical Corp.) to 0.05 mM when cultures grown at 30°C in LB media reached an A 595 nm of 0.6 -0.8 units. Monomeric DnaA protein and T435M were purified as described (26, 27) . Other missense mutants were partially purified from 100-ml cultures. These mutants were more sensitive to proteolysis than was DnaA protein or T435M based on immunoblot analysis with a monoclonal antibody (M43) that recognizes an epitope within residues 133-141 of DnaA protein (28) . Compared to DnaA protein or T435M, other mutants appeared not only full-length but also as smaller immunoreactive species (data not shown). Immunoblot analysis of whole cell lysates prepared by disruption with Laemmli sample buffer (29) indicated that most of the proteolysis occurred during lysis by freezing and thawing (data not shown). Unless noted, proteolysis was reduced by the routine inclusion of 4 mM phenylmethylsulfonyl fluoride (Sigma) during lysis and induced expression for 1-2 h instead of 3 h normally used for DnaA protein. Lysate supernatants prepared as described (30) were diluted with buffer A (25 mM HEPES-KOH, pH 7.6, 15% glycerol, 0.1 mM EDTA, and 2 mM DTT) to a conductivity equivalent to buffer A containing 50 mM KCl and then mixed batchwise with an equal volume of a 50% suspension of blue dextran agarose. After extensive washing with buffer A containing 100 mM KCl, proteins were eluted batchwise with buffer A containing 1 M KCl. Mutant proteins ranged from ϳ25 to ϳ90% in purity (data not shown). V383M, A412P, and A428T/A440T were proteolyzed despite the inclusion of phenylmethylsulfonyl fluoride and induced expression for 1-2 h (data not shown). Full-length protein for these samples was obtained by sonication of suspended cells on ice in the presence of phenylmethylsulfonyl fluoride (4 mM) followed by addition of SDS (0.25%) to the soluble fraction.
DnaA⌬62 and DnaA⌬129 were partially purified from 50-ml cultures of HMS174(DE3)(pLysS) bearing respective overproducing plasmids by batchwise chromatography essentially as described above for the missense mutants except that heparin-Sepharose 4B was used instead of blue dextran agarose. Their purity was estimated to be greater than 25%. DnaA⌬219 was purified from a 200-ml culture of HMS174-(DE3)(pLysS) bearing the respective mutant plasmid that was induced by addition of isopropyl-␤-D-thiogalactopyranoside (0.05 mM). The insoluble fraction obtained following lysis was washed once with buffer A containing 100 mM KCl and 2% Triton X-100 and then twice with buffer A containing 100 mM KCl. The pellet was then solubilized in buffer A containing 100 mM KCl and 6 M guanidinium hydrochloride and then dialyzed against 10 3 volumes of buffer A containing 0.5 M KCl, 10 mM MgSO 4 , and 0.5% Triton X-100 for 16 h at 4°C. The dialyzed material was combined with 0.5 volume of a 50% suspension of heparin-Sepharose 4B equilibrated in buffer A and then diluted with buffer A to a conductivity equivalent to buffer A and 50 mM KCl. After packing the slurry into a column, it was washed with 50 column volumes of buffer A containing 0.5% Triton X-100 and 100 mM KCl and then eluted stepwise with buffer A containing 0.5% Triton X-100 and 1 M KCl. Fractions containing DnaA⌬219 were identified in Coomassie Bluestained SDS-polyacrylamide gels. DnaA⌬220 -294 and DnaA⌬237-378 (greater than 80% purity) were obtained by chromotography with heparin-Sepharose 4B as described (26, 27) .
Protein Determinations-DnaA protein concentrations were determined by scanning densitometry of Coomassie Blue-stained polyacrylamide gels using a Bio-Rad Gel Doc 1000 unit equipped with the Molecular Analyst software package. Alternatively, protein concentrations were determined by quantitative immunoblot analysis (31) using monoclonal antibody M43 (28) and 125 I-labeled goat anti-mouse secondary antibody (ICN Biochemicals).
Southwestern Blotting-Quantitative Southwestern blotting (32) was performed with the indicated amounts of DnaA protein electrophoresed in 10% SDS-polyacrylamide gels and blotted onto Westran membranes (Schleicher and Schuell) as described (31) . Membranes were then incubated in binding buffer (20 mM HEPES-KOH, pH 7.6, 2.5 mM MgOAc, 15% glycerol, 0.4% Triton X-100, 2 mM EDTA, 4 mM DTT, 5 mg/ml bovine serum albumin, and 0.5 M ATP) at 4°C with gentle rocking for 1 h. As noted, a radiolabeled DNA fragment (either a 464-bp SmaI-XhoI fragment from pBSoriC (33) bearing the oriC sequence or a 466-bp PCR-generated BamHI fragment containing the C-terminal portion of the dnaA gene that lacks a DnaA box motif) was then added at a ratio of 30 fmol of DNA per pmol of DnaA protein on the membrane and incubated at 4°C for an additional 5 h. The large fragment of DNA polymerase I and the appropriate [␣-
32 P]dNTP (NEN Life Science Products) were used to label the DNAs. Membranes were then washed in binding buffer at 4°C for 20 min to remove unbound DNA. Quantitation of the amount of radiolabeled DNA fragment retained by each protein a Nomenclature is as follows: ⌬, deletion of amino acid residues (see Fig. 1 and Table II for more details); A440T (and others), alanine-tothreonine substitution at position 440; A428T/A440T, both mutations are present in the same allele; 412(⍀MA)413, Met-Ala insertion between residues 412 and 413.
b See "Experimental Procedures" for a description of plasmid constructions.
sample was with a Packard Instant Imager relative to a standard curve prepared by scanning known amounts of the purified radiolabeled DNA spotted onto GF/C filters (Whatman). In Table II and Table III , bound DNA was stripped from the membrane by incubation in 154 mM NaCl, 10 mM Tris-HCl, pH 7.4, and 0.25% SDS. Membranes were then processed as Western blots as described (31) with monoclonal antibody M43 (28) followed by 125 I-labeled, goat anti-mouse secondary antibody (ICN Biochemicals). Known amounts of DnaA protein were also analyzed in these blots to obtain a standard curve. The amount of DNA retained was normalized relative to the amount of each mutant protein determined by quantitative Western blot analysis. For DnaA⌬62, DnaA⌬129, and DnaA⌬219, the amount of immobilized protein was assumed to be equivalent to that subjected to SDS-polyacrylamide gel electrophoresis. In separate experiments, these mutant proteins were electroblotted to Westran membrane as efficiently as wild type DnaA protein, as judged by staining the membrane with Ponceau S (data not shown).
DNA Binding Assays-Fragment retention assays (20 l) were performed as described (1) with the indicated amounts of DnaA protein or T435M and contained 20 fmol of a 3Ј-end-labeled DNA fragment noted below and, unless otherwise stated, 50 ng (17.5 fmol as DNA) of HinfIdigested pBR322 as competitor in 40 mM HEPES-KOH, pH 7.8, 5 mM MgCl 2 , 50 mM KCl, 2 mM DTT, and 0.5 M ATP. For these assays, radioactive DNA fragments included the 464-bp SmaI-XhoI oriC fragment from pBSoriC (33), the 1,097-bp fragment with the ColE1 origin obtained by BanI digestion of pBluescript (Stratagene), the 686-bp fragment with the pSC101 origin obtained from pCM128 (34) by digestion with EcoRI and SpeI, and a 417-bp fragment containing the dnaA promoter region obtained by PCR with primer JK-23 (complementary to nucleotides Ϫ302 to Ϫ321 of the template strand) paired with the M13 Ϫ40 universal primer (U. S. Biochemicals) and pRB1A (8) as the DNA template. A 466-bp fragment derived from the C-terminal region of the dnaA gene was used as a control. It was amplified by PCR using the oligonucleotide primers JK-6 (see above) and JK-29 (complementary to residues 1230 -1249 of the template strand) and pACYCdnaA (31) as the DNA template.
Alternatively, gel mobility shift assays were performed with the above 464-bp oriC fragment or the following 23-bp oligonucleotide containing DnaA box R4 (bold type) of oriC and natural flanking sequences that was 3Ј-end-labeled with [␣-32 P]dCTP (underlined) and the large fragment of DNA polymerase I (Sequence 1).
5Ј-GACAGAGTTATCCACAGTAGATC-3Ј 3Ј-CTGTCTCAATAGGTGTCATCTAG-5Ј

SEQUENCE 1
The indicated amounts of wild type or mutant DnaA protein were added to 25 fmol of the radioabeled DNA, and 50 ng of HinfI-digested pBR322 as competitor in buffer containing 20 mM HEPES-KOH, pH 7.6, 2.5 mM MgOAc, 15% glycerol, 0.4% Triton X-100, 2 mM EDTA, 4 mM DTT, 5 mg/ml bovine serum albumin, and 0.5 M ATP (10-l assay volume). Electrophoresis was in 4% (for the oriC fragment) or 10% (for the oligonucleotide) polyacrylamide gels as described (35) . Autoradiography of dried gels was with Hyperfilm MS (Amersham Corp.) at Ϫ70°C using Cronex Quanta III intensifying screens.
Competitive Gel Mobility Shift Assay-Competitive gel mobility shift assays were performed as described above with the 464-bp oriC fragment (3Ј-end-labeled). The same unlabeled oriC fragment or a 1031-bp AflIII-AvaII fragment lacking a DnaA box motif from pBluescript were used as competitors instead of HinfI-digested pBR322. The proteins to be assayed were added last and then reactions were incubated for 10 min at room temperature prior to electrophoresis through 4% polyacrylamide gels. Quantitation of the bound and free radiolabeled oriC fragment was with a Packard Instant Imager.
RESULTS
The C-terminal 89 Residues of DnaA Protein Are Required for
Specific DNA Binding-The replication activity of DnaA protein involves its activity as a sequence-specific DNA binding protein (1) . To determine the region of DnaA protein required for DNA binding, deletion mutations that lacked N-terminal, C-terminal, or internal coding sequences (Fig. 1) were examined by quantitative Southwestern blot analysis (32) . This method allows a large number of samples to be examined. DnaA protein was found to retain a DNA fragment containing oriC about 1.5-fold better than a DNA fragment lacking a DnaA box motif derived from the C-terminal coding region of the dnaA gene (data not shown). The latter DNA is poorly bound by DnaA protein in nitrocellulose filter binding assays (see Fig. 5 ), indicating that the Southwestern blotting conditions are not very sensitive in measuring specific DNA binding activity.
Mutant proteins lacking N-terminal sequences retained the oriC fragment with an efficiency similar to DnaA protein ( Fig.  2 and Table II) . Mutants lacking C-terminal residues (DnaAam361 and DnaAam446) were inactive (Table II) . Because DnaA⌬237-378, DnaA⌬220 -294, as well as those that lacked sequences proximal to residue 220 retained DNA binding activity, the region required for DNA binding appears to be between residue 379 to the C terminus (residue 467). To confirm these results, 11 mutations containing amino acid substitutions in this region were examined by quantitative Southwestern blotting (Table III) . All were defective in retention of the oriC fragment.
Mutants above results suggest that residues from amino acid 379 to the C terminus are needed for DNA binding activity. To confirm these findings, gel mobility shift assays were performed with a duplex oligonucleotide containing a DnaA box motif (box R4 of oriC and natural flanking sequences). Compared to DnaA protein that bound to the oligonucleotide at the lowest level tested (2 ng; see Fig. 3A) , none of the missense mutants (assayed at 25 ng) were active in DNA binding (Fig. 3B) . These results corroborate observations using an assay of in vivo DNA binding activity in which these missense mutants were defective.
2 By comparison, the deletion mutants DnaA⌬219 (lacking the Nterminal 219 residues), DnaA⌬220 -294, and DnaA⌬237-378 (see Fig. 1 ) were active in DNA binding activity (data not shown), confirming that a region near the C terminus is required.
Due to proteolysis on induced expression of V383M (substituting methionine for valine at residue 383), A412P, and A428T/A440T, we were not able to purify them for further biochemical study to corroborate the results of Southwestern analysis. On induced expression, the mutants were converted with time from the size of the full-length protein to a mixture of smaller species as monitored by Western analysis with a monoclonal antibody (M43) (28) and DnaA protein as a control. By 3 h after addition of isopropyl-␤-D-thiogalactopyranoside, these mutant proteins were proteolyzed to a range of smaller fragments.
Mutant Proteins Are Poorly Active for in Vitro
Replication of an oriC Plasmid-Of the 11 mutant proteins containing Cterminal substitutions, most were inactive (R407H, A412P, 412(⍀MA)413, G426D, and T435M/T436M), or poorly active (T435M, A440V, and A428T/A440T) in replication from the pSC101 origin in vivo. 1 The remainder (V383M, V437M, and A440T) were temperature-sensitive. As all of these mutants were defective in DNA binding activity in vitro under conditions that wild type DnaA protein was active (Table III and Fig. 3), we expected them to be defective for in vitro replication of an oriC plasmid as well.
We assayed eight mutants for activity in replication of an oriC-containing plasmid. The remainder (V383M, A412P, and A428T/A440T) were not examined because of proteolysis that hindered their purification (see above). Under conditions in which DnaA protein supported replication of an oriC plasmid in vitro, A440T (Fig. 4A, inset) was feeble at 30°C and even less active at 40°C, consistent with its temperature-sensitive phenotype in vivo for pSC101 replication. 1 Its partial activity suggests that it may retain some in vitro DNA binding activity. T435M (see Fig. 9 , below) and A440V were inactive, even at a level as high as 200 ng (Fig. 4A) . T435M remained poorly active even when assayed at high levels (200 ng) and on prolonged incubation (Fig. 4B) . Likewise, R407H, 412 (⍀MA)413, G426D, and T435M/T436M were inactive for oriC replication in vitro (data not shown, see legend to Fig. 4A ). Although V437M was temperature-sensitive for pSC101 replication in vivo, 1 it was inactive for replication from oriC in vitro at 30°C presumably due to its inactivity in DNA binding (see Table III and Fig. 3 ). Perhaps the amino acid substitution affects the conformational stability of the DNA binding domain in the purified protein. We presume that the inactivity of R407H, 412(⍀MA)413, G426D, T435M, T435M/T436M, V437M, and A440V in in vitro replication is due to their defects in DNA binding.
T435M Is Defective in Specific DNA Binding Activity-One mutant protein, T435M, was investigated in more detail because the substitution reduced its DNA binding activity by Southwestern analysis only about 2-fold, whereas others were more dramatically affected (Table III) . Compared to DnaA protein, T435M was defective in specific DNA binding activity as reflected by poor retention of DNA fragments bearing oriC, the ColE1 origin, the dnaA promoter region, or the pSC101 origin N-terminal, internal in-frame, and C-terminal (amber) mutations used in this study are indicated. Numbers refer to positions of amino acid residues. DnaA⌬62, DnaA⌬129, and DnaA⌬219 have an N-terminal methionine at positions 62, 129, and 219, respectively. All were constructed in vitro as described under "Experimental Procedures" except dnaA⌬237-378, dnaAam361, and dnaAam446 that were obtained by a novel selection method. ) as judged by Coomassie Brilliant Blue-stained SDS-polyacrylamide gels) were analyzed for DNA binding activity by nonquantitative Southwestern blotting. After electrophoretic transfer to Westran (Schleicher and Schuell), the membrane was stained with Ponceau S to confirm protein transfer. A radiolabeled oriC-containing fragment was then added, and the membrane was processed as described under "Experimental Procedures." In the lane containing DnaA⌬62, the minor polypeptide below DnaA⌬62 was determined to have alanine 90 at its N terminus by automated Edman degradation (data not shown). We presume that it arose by in vivo proteolysis. Electrophoretic mobilities of molecular mass markers (Bio-Rad) are indicated. in filter binding assays (Fig. 5, data not shown) . Each DNA has one or more DnaA box motifs. The relative affinity of DnaA protein for each of the DNA fragments was comparable to previous observations (1) . Both DnaA protein and T435M were similarly ineffective in binding to a control DNA fragment lacking a DnaA box and derived from the C-terminal coding region of the dnaA gene (Fig. 5, inset) . Binding of either protein to this DNA was negligibly affected by the omission of HinfIdigested pBR322 that was routinely included as a competitor (data not shown). With T435M, the extent of binding to this control DNA was similar to levels observed with other DNAs.
Filter binding assays to monitor binding specificity were also performed with a radiolabeled restriction digest of a pSC101 derivative (data not shown). DNA retained on the filters as well as that which flowed through were recovered and visualized by autoradiography after agarose gel electrophoresis. At low levels of DnaA protein, preferential binding to the pSC101 origincontaining fragment was observed. At similar levels of T435M, DNA binding activity was not seen. At higher levels (100 -200 ng), both T435M and DnaA protein bound to DNA fragments in proportion to their sizes, suggesting nonspecific binding. These observations suggest that the DNA binding activity of T435M is nonspecific.
To corroborate this interpretation, gel mobility shift assays were performed to examine the effect of competitor DNAs on the binding of T435M to a fragment containing oriC. The binding of DnaA protein to an oriC-containing fragment produces at least six discrete complexes that result from its ordered binding to the four DnaA boxes in oriC (35) . Addition of T435M proportionally reduced the amount of free oriC fragment (Fig. 6) . However, at least 8-fold more T435M was required relative to DnaA protein to shift all of the oriC fragment from the "free" position. Furthermore, the appearance of discrete complexes was reduced; instead, a smear from the position of free DNA to the wells was seen, suggesting nonspecific binding.
With fixed amounts of DnaA protein or T435M, addition of an unlabeled oriC fragment proportionally reduced binding to the same radiolabeled oriC fragment (Fig. 7) . In contrast, addition of an unlabeled 1031-bp fragment that lacks a DnaA box motif reduced the binding of T435M to the labeled oriC fragment but had a small effect on the binding of DnaA protein.
These results indicate that threonine 435 is important in recognition of DnaA box sequences.
With this assay and a fixed level of DnaA protein, a 4 -4.5-fold molar excess of unlabeled oriC was required as a competitor to reduce to about 50% the binding of either DnaA protein or T435M to the radiolabeled oriC fragment. This was measured by the appearance of the labeled oriC fragment at the free position. As complexes II through VI contain more than one DnaA monomer per oriC fragment (35) , the requirement for 4 -4.5-fold more unlabeled oriC fragment to reduce binding to the radiolabeled fragment by 50% is a reflection of the multiple binding sites of DnaA protein within oriC.
T435M tion of an oriC plasmid, the ADP-bound form is much less active (36) . To confirm that the defect of T435M specifically affects its DNA binding activity, ATP binding activity was measured (Fig. 8) . The comparable binding affinities of DnaA protein and T435M (K D of 17 and 15 nM, respectively) indicate that the substitution does not affect ATP binding affinity.
T435M Augments Limiting Levels of Wild Type DnaA for in Vitro oriC
Replication-By electron microscopy, the size of the nucleoprotein complex of DnaA protein bound to oriC suggests that 20 -30 monomers of DnaA protein are present (1). Footprinting studies indicate that DnaA protein binds to each of the four DnaA boxes before flanking sequences are protected (35) . Binding to flanking sequences may be due to interaction among DnaA protein monomers. Inasmuch as T435M binds to DNA nonspecifically, we were interested in determining if T435M could augment limiting levels of wild type DnaA protein in replication (Fig. 9) . The inactivity of T435M alone in contrast with its ability to augment limiting levels of DnaA protein suggests that monomers of DnaA interact in formation of an active replication complex.
DISCUSSION
The DNA Binding Domain of DnaA Protein Is Contained within the C-terminal 89 Residues-Two approaches were used to identify amino acid residues of DnaA protein important for sequence-specific DNA binding activity. The first involved measurement of DNA binding activity of novel mutations using an in vivo assay. 2 In the cited study, expression of lacZ was under control of the dnaA promoter and DNA binding was measured indirectly by quantitation of ␤-galactosidase activity. Binding of DnaA protein to a DnaA box within the dnaA promoter region results in transcriptional repression (8 -10, 12, 19) . With this approach, missense and nonsense mutations of dnaA were identified that were defective in repression of a dnaA-lacZ fusion, suggesting that the C-terminal region is required for DNA binding.
The second approach involved biochemical characterization of these mutant proteins to obtain direct evidence that the C-terminal region is involved in DNA binding. Derivatives with N-terminal deletions were also studied. Three different methods to measure DNA binding activity were used. The first, Southwestern analysis offers the advantage that a large number of samples can be analyzed using crude fractions separated by SDS-polyacrylamide gel electrophoresis. In this analysis, mutations in the C-terminal region were defective in DNA binding activity. However, inactivity in this assay may be due to poor renaturation of the protein due to the mutation(s). To address this possibility, two other biochemical methods of nitrocellulose filter binding and gel mobility shift were performed 017 M and n ϭ 0.14, respectively) were calculated by the method of Scatchard as described previously (26) . The less than stoichiometric binding of ATP is presumably due to aggregated DnaA protein present in the protein fraction that is defective in ATP binding activity (26) .   FIG. 9 . T435M augments limiting levels of DnaA protein in replication from oriC. DnaA protein (10 ng) and the indicated amounts of T435M were assayed for in vitro oriC replication activity as described (41) . Reactions were incubated at 30°C for 20 min. The inset shows the replication activity observed with T435M alone. In parallel assays, DnaA protein at a saturating level (70 ng) resulted in 1,045 pmol of DNA synthesis activity in a 20-min incubation.
with partially or highly purified proteins. Although we were unable to analyze three mutant proteins (V383M, A412P, and A428T/A440T) due to proteolytic instability, the results obtained with the remainder by the latter two methods corroborated the Southwestern analysis and the genetic assay that implicated the C-terminal portion in DNA binding. 2 The proteolysis observed with V383M, A412P, and A428T/A440T that hindered their purification is likely not related to the phenotypes of these mutants in the genetic assay. Western blot analysis of these mutants when expressed from the dnaA promoter indicated that they were stable and present at levels comparable to that observed for wild type DnaA protein. 1, 2 Taken together, these results not only indicate that sequences within 89 residues of the C terminus are involved in DNA binding but also implicate particular amino acid residues that may directly contact DNA.
It has recently been reported that the C-terminal 94 amino acids of DnaA protein when fused to the C terminus of ␤-galactosidase are necessary and sufficient for sequence-specific DNA binding to a DNA fragment containing oriC (20). A similar fusion of the C-terminal 89 residues of DnaA protein was only partially active. Inasmuch as a fusion of the C-terminal 94 residues of DnaA protein to the N terminus of ␤-galactosidase was inactive for DNA binding, these results indicate that residues immediately adjacent to the DNA binding domain of DnaA protein influence its function.
Threonine 435 of DnaA Protein Confers Sequence Specificity in DNA Binding-One mutation that encodes the substitution of threonine for methionine at residue 435 (T435M) is particularly interesting. Threonine 435 is highly conserved among 25 dnaA homologs and within a highly conserved region (FG-GRDHTTVL, where the bold letter denotes threonine 435, see Fig. 10 ). By Southwestern analysis that is relatively insensitive in measuring sequence-specific DNA binding, T435M was about 2-fold reduced compared to DnaA protein. In contrast, nitrocellulose filter binding assays resulted in almost background levels, presumably due to the poor sensitivity of this method in detecting low affinity DNA binding. This interpretation is supported by results from gel mobility shift analysis that suggest at least an 8-fold reduction in DNA binding activity that was nonspecific. Collectively, these results suggest that threonine 435 plays an important role in recognizing and binding to sequences of the DnaA box. As expected, the mutant protein retained its affinity for ATP. Finally, this mutant was inactive in oriC plasmid replication by itself but augmented the replication activity of limiting levels of DnaA protein, suggesting strongly that monomers of DnaA bound to oriC interact physically in initiation of DNA replication.
A mutation mapping to position 435 (T435K) was identified by the Walker laboratory (37) based on its ability to suppress the temperature-sensitive phenotype of the dnaX2016(Ts) allele. dnaX encodes the and ␥ subunits of DNA polymerase III holoenzyme (38) . In light of the defect of T435M, the ability of T435K to suppress the temperature-sensitive phenotype of the dnaX2016(Ts) allele is presumably due to an altered DNA binding activity of the T435K mutant protein. The observation that the dnaX gene contains two DnaA boxes in its promoter region (39) may relate to the mechanism of suppression. In the absence of binding by DnaA protein, elevated expression of the defective dnaX gene may result in suppression of its temperature-sensitive phenotype.
Interestingly, dnaA⌬237-378 was inactive in DNA binding measured in vivo by the ability of DnaA protein to repress ␤-galactosidase activity transcribed from a dnaA promoterlacZ fusion.
2 By Southwestern analysis and gel mobility shift, this mutant protein was indistinguishable from the wild type protein in DNA binding activity (data not shown; Table II ). Transcriptional repression of the dnaA gene occurs by oligomerization of DnaA protein at the dnaA promoter to occlude RNA polymerase (19). Amino acids removed by deletion may normally participate in formation of the proper oligomeric structure required for autoregulation of the dnaA gene.
Proposed Secondary Structure for the DnaA Binding Domain of the E. coli DnaA Protein-Based on a secondary structure prediction of DnaA protein using the PHD method (40), a proposed structure for the DNA binding domain of DnaA protein was obtained (Fig. 10 ). This analysis predicts five ␣-helical regions and one short stretch of ␤ structure encompassing the C-terminal 92 residues of the protein. Threonine 435 is embedded in a highly conserved region from 429 to 438 (Fig. 10) , suggesting that these residues are directly involved in forming contacts to the DnaA box motif. Furthermore, all but one of the mutations that affected the DNA binding activity mapped to one of the proposed ␣-helical regions encompassing residues 376 -450 with most between residues 401 and 450. The exceptions are mutations that substitute at serine 466 and histidine 452 that are not conserved or poorly conserved, respectively, among dnaA homologs (reviewed in Ref. 18 ). Both substitutions are encoded by alleles bearing additional substitutions (S23N and A326T for one, and I26K for the second). Under the assumption that the additional mutations have no compensatory effect on the C-terminal mutations, the finding that these alleles were comparable to the dnaA ϩ allele in replication activity in vivo, and in their ability to repress expression of the dnaA-lacZ fusion in vivo 1, 2 suggests that histidine 452 and serine 466 do not act in DNA binding. Finally, whether the amino acids substituted in the mutant proteins characterized in this report are involved in specific contacts to DNA or serve a structural role may be addressed by crystallographic or NMR analysis of the wild type or truncated forms of the protein.
Acknowledgments-We are grateful to Dr. Andrew Wright for plasmid pRB1A, to Anthony Lagina and Dr. Laurie S. Kaguni for E. coli The proposed secondary structure for the DNA binding domain of the E. coli DnaA protein was generated using the PHD method (40) and is presented relative to the deduced amino acid sequence of its C-terminal 92 residues (in one-letter code (24, 25) ). Positions of mutations and their deduced substitutions for all known (italics) dnaA mutations (31, reviewed in Ref. 18 ) as well as those described here are indicated. Residues 429 -438 (boxed) are highly conserved among 25 DnaA homologs. 2 
